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Effect of Noise Factors in Energy Management 
of Series Plug-in Hybrid Electric Vehicles 
Mojtaba Shams-Zahraei1, Abbas Z. Kouzani2, Behnam Ganji3
Abstract – It has been demonstrated that charge depletion (CD) energy management strategies 
are more efficient choices for energy management of plug-in hybrid electric vehicles (PHEVs). 
The knowledge of drive cycle as a priori can improve the performance of CD energy management 
in PHEVs. However, there are many noise factors which affect both drivetrain power demand and 
vehicle performance even in identical drive cycles. In this research, the effect of each noise factor 
is investigated by introducing the concept of power cycle instead of drive cycle for a journey. 
Based on the nature of the noise factors, a practical solution for developing a power-cycle library 
is introduced. Investigating the predicted power cycle, an energy management strategy is 
developed which considers the influence of temperature noise factor on engine performance. The 
effect of different environmental and geographic conditions, driver behavior, aging of battery and 
other components are considered. Simulation results for a modelled series PHEV similar to GM 
Volt show that the suggested energy management strategy based on the driver power cycle library 
improves both vehicle fuel economy and battery health by reducing battery load and temperature. 
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Nomenclature
ܣ     Effective area of convection heat transfer 
ܣ௙    Vehicle frontal area 
ܥ௔௖௧௨௔௟   Battery actual capacity 
ܥ௔௜௥    Air specific heat capacity 
ܥ௖௔௕௜௡   Lumped cabin specific heat capacity 
ܥ஽    Coefficient of drag 
ܥ௅௜    Battery defined lithium capacity 
ܥ௦௜௧௘௦   Battery active sites capacities , are defined  
ܥ௩    Water latent heat vaporization 
ܥ௪௔௧௘௥   Water specific heat capacity 
ܥܱܲ    Coefficient of performance of 
air-conditioner  
ܥݕܿ     Number of battery cycles 
݀଴ǡ ݀ଵ Experimental constant values for battery 
aging formulation 
݁଴ǡ ݁ଵ  Experimental constant values for battery 
aging formulation 
ܨௗ    Drag force resistance 
ܨ௚     Grading resistance 
ܨ௥     Rolling resistance 
௥݂     Coefficient of rolling resistance 
ܨ௧     Traction force of vehicle 
ܨܿ௧௦௧௔௧  Fuel converter (engine) cooling system 
thermostat set point 
h     Convectional heat transfer coefficient 
ܫሶ     Sun radiation heat flux 
ܯ     Vehicle mass 
݉௖௔௕௜௡   Lumped cabin mass 
ሶ݉ ௔௜௥    Fresh air mass flow rate  
ሶ ୵ୟ୲ୣ୰   Condensed water mass rate 
௙ܰ    Normal load on front wheels 
௥ܰ    Normal load on rear wheels 
଴ܲ    Ambient pressure  
௧ܲ     Traction power of vehicle 
௖ܲ௢௠௣௥௘௦௦௢௥ Air-conditioning compressor power demand  
ሶܳ ௖௢௡௩௘௖௧௜௢௡ Air-conditioning convection heat load   ሶܳ ௗ௘௛௨௠௜ௗ௜௙௜௖௔௧௜௢௡
 Air-conditioning dehumidification heat load  
ሶܳ ௘௩௔௣௢௥௔௧௢௥ Rate of heat absorption by evaporator  
ሶܳ ௛௘௔௧௘௥  Cabin heater heat rate  ሶܳ௠௘௧௔௕௢௟௜௖ Air-conditioning metabolic heat load ሶܳ ௥௔ௗ௜௔௧௜௢௡ Air-conditioning radiation heat load ሶܳ ௩௘௡௧௜௟௔௧௜௢௡ Air-conditioning ventilation heat load 
R     Battery internal resistance 
S     Incident surface for radiation heat transfer 
t      Battery storage time  
௔ܶ௠௕௜௘௡௧  Ambient temperature 
௕ܶ    Battery cell temperature 
௖ܶ௔௕௜௡   Vehicle cabin temperature 
ୡ୭୭୪ୟ୬୲  Engine coolant temperature 
ܸ       Vehicle velocity 
௪ܸ    Wind velocity 
ן     Angle of road slope 
ɀ      Normalised engine temperature factor 
οܱܵܥ   Given state of charge swing  
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ߩ     Air density 
ݒ     Battery voltage exposure 
I. Introduction 
Growing environmental concerns are facilitating the 
efforts to develop more fuel efficient and environmental 
friendly vehicles including hybrid electric vehicles 
(HEVs) and plug-in hybrid electric vehicles (PHEVs) 
[1]-[30]. The advancement in the Lithium batteries 
technology on the other hand, has been a major 
promising factor for marketability of PHEVs. 
I.1. Plug-in Hybrid Electric Vehicle 
A plug-in hybrid electric vehicle is a hybrid vehicle in 
which the batteries can be recharged by being plugged 
into an electric power source. A PHEV benefits from the 
features of both conventional HEVs and electric vehicles 
(EVs). Before full electrification of vehicles become 
mature, the PHEV technology is a viable solution to 
replace some part of the energy required in vehicular 
transportation by electricity [1]. Part of the energy 
generated by fuel can be potentially replaced by the 
energy stored in the batteries in short daily journeys, 
while continuing on the energy generated by fuel in 
extended ranges. This feature takes advantage of the 
zero-fuel-consumption enabled by EVs in daily 
commutes, and the convenience of fast refueling time 
allowed by HEVs for longer journeys. According to an 
investigation conducted by Toyota, the accumulative 
daily travel of around 75%, 80%, and 95% of vehicles in 
North America, Europe, and Japan respectively, are 
lower than 60 km [2]. While, PHEVs require relatively 
smaller and consequently lighter and cheaper batteries in 
comparison to EVs, they could have a considerable 
influence on the shift from petrol to electricity. If 
renewable sources are used for recharging of PHEV 
batteries, the overall reduction in fuel consumption and 
emissions would be significant [3]. 
I.2. Drivetrain Architecture and Compatibility 
Different original equipment manufacturers (OEMs) 
are currently upgrading their conventional hybrid 
drivetrains to PHEVs. For instant, Chevrolet Volt, as a 
mass produced PHEV with a nonconventional series 
drivetrain has hit the market while DaimlerChrysler 
PHEV Sprinter has a parallel powertrain configuration. 
Toyota, on the other hand, is developing plug-in Prius 
with a series-parallel architecture. Currently, EnergyCS, 
EDrive, and Hymotion companies are providing PHEV 
upgrade kits for Toyota Prius and Ford Escape and 
Mariner. Drivetrain compatibility for PHEVs has also 
been studied and reported in the literature [4], [5]. 
The series HEV configuration is commonly 
recognized as an electric vehicle which has an onboard 
engine and generator to recharge the batteries. It is 
therefore easier to upgrade a series HEV to a PHEV. The 
series architecture possesses an electric motor to support 
the maximum power demand of powertrain. However, 
for parallel or series-parallel drivetrains, if the All 
Electric Range (AER) is required, both batteries and 
electric motor have to be sized according to the 
drivetrain’s maximum power demand. For instance, for 
Plug-in Prius, if the speed increases above 100 km/hr or 
the power demand is higher than the maximum 
operational power of the electric motor, the engine 
should operate even when the batteries are fully charged. 
The vehicle’s speed constraint for the engine operation is 
intrinsic in series-parallel architecture which does not 
have any clutches to disconnect the generator, motor, and 
engine from the planetary gear set. When the engine is 
kept off during AER and the planet gears are fixed, the 
generator’s speed increases sharply proportional to the 
motor speed with the ratio of the planetary gear. 
Consequently, the maximum applicable angular velocity 
of generator would be the constraint for the maximum 
vehicle speed in AER [6]. Although the series-parallel 
architecture has the most efficient charge sustained (CS) 
mode (i.e. conventional hybrid mode), if high capacity 
batteries capable of providing maximum power demand 
of powertrain were available, the series drivetrain would 
then become more appealing [5], [7]. The well-known 
drawback of the series drivetrain is the reduction of 
drivetrain efficiency during the conversion of the engine 
mechanical power to the electrical energy, and then back 
to the mechanical form by motor. Yet, the efficient 
operation of engine independent of wheel speed, the 
elimination of gearbox, and the viability of engine off 
mode instead of idle engine compensate for the 
abovementioned flaw. Besides, the simplicity of the 
series architecture reduces the final cost. In this research, 
whilst the authors focus on the energy management of 
series PHEVs similar to GM Volt, the proposed concepts 
can be also applied to other PHEV architectures. 
I.3. Energy and Power Management 
In power management strategy of conventional HEVs, 
the controller’s goal is to maintain optimal operation of 
powertrain for supplying a specific power demand, as 
well as sustaining the battery state of charge (SOC) [8], 
[9]. In PHEVs, however, the oversized battery has the 
role of both load leveling and energy source. Therefore, 
it is acceptable if the battery SOC reaches the minimum 
applicable range. The difference between the concepts of 
energy management and power management are more 
distinguished in PHEVs control strategies as both engine 
and battery are the sources of energy unlike HEVs in 
which the battery energy is supplied only by engine.  
The energy management strategy in PHEVs defines 
how to share available battery energy to optimally utilize 
it in improving the performance of vehicle. However, 
power management is generally concerned with how to 
split the drivetrain power demand between the two power 
sources to achieve the best performance. The simplest 
strategy for energy management of PHEVs is to run the 
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vehicle on pure electric mode until the batteries are 
depleted to minimum applicable SOC. This stage is 
referred to as electric vehicle (EV) mode and the range 
covered is named all electric range (AER). Subsequently, 
the vehicle operates like a conventional HEV in the 
charge sustained (CS) mode to stabilize the SOC. The 
advantage of the AER followed by the CS strategy is 
maximum consumption of stored electric energy which is 
relatively cheaper before the vehicle reaches its 
destination with available recharging facilities.  
Another energy management strategy, which is known 
as charge depletion (CD) or the blended mode, uses both 
battery and engine simultaneously for propulsion to 
achieve higher efficiency as the available energy in the 
batteries could help provide higher efficient load leveling 
in the hybrid system. Different researchers have 
developed different energy and power management CD 
strategies, since CD strategies are considerably related to 
the architecture and the components sizing of a specific 
PHEV. Specially, in parallel and series-parallel 
architectures, a blended mode is inevitable because of the 
drivetrain restrictions and components sizing [10]-[13]. 
An appropriate powertrain load split between battery and 
engine energy sources is therefore an important issue in 
developing CD strategies, as reaching destination with 
surplus electric energy sacrifices the benefit of 
availability of large and expensive batteries in PHEVs. 
The full classification of the power management 
control strategies for HEVs and PHEVs has been 
outlined in [9], [14], [15]. The manner in which most 
power management approaches optimize vehicle 
performance is either by identifying a power 
management trajectory or by establishing a power 
management rule base [16]. The trajectory power 
management strategies optimize vehicle operation for the 
whole journey or a specific part of journey, whereas the 
rule based power managements optimize the performance 
of the vehicle in a certain time or position.  
Since the knowledge of driving cycle as a priori has 
been proven to be essential for the trajectory power 
management approaches, drive cycle simulation has been 
carried out in several works. Especially for PHEV CD 
energy management strategies, the knowledge of drive 
cycle helps appropriate battery energy allocation for the 
journey. Sharer et al. selected different engine-ignition 
power thresholds for different journey distances in a rule 
based energy management strategy [11]. Gong et al. 
suggested drive cycle modeling using the global 
positioning system (GPS) and the geographical 
information system (GIS) and applied that in 
development of the deterministic dynamic programming 
(DDP) energy management strategy [17]. Moura et al. 
applied the stochastic dynamic programming (SDP) 
methods to optimize a power split map for a probabilistic 
distribution of drive cycles, rather than a single cycle for 
the series-parallel PHEV [16].  
Practically, there are several noise factors such as 
driver aggressiveness factor, traffic diversity, grade load, 
wind, and air conditioner (AC) power demand which can 
significantly alter power demand even in identical 
journeys and drive cycles. Besides, the performance of 
vehicle components might alter in different ambient 
temperatures and by aging of components specially the 
battery. To develop a robust CD energy management 
strategy, a comprehensive understanding of noise factors 
is required. This research adds three important original 
contributions to the PHEV energy management literature. 
First, the effect of each noise factor on drivetrain power 
demand and performance is investigated by introducing 
the concept of power cycle in place of drive cycle for a 
journey. Second, an applicable solution for developing a 
library of power cycles inside the vehicle is introduced to 
potentially make these noise factors predictable. Finally, 
what the authors believe to be the first study on the effect 
of temperature on performance of series PHEV 
components and the significance of this noise factor on 
the development of appropriate energy management 
strategy are discussed. 
II. Power Cycle and Noise Factors 
It has been demonstrated that the knowledge of drive 
cycle is the first key step to define CD strategies for 
PHEVs. Yet, the drive cycles are inadequate to predict 
realistic power demand which is essential for 
development and evaluation of optimisation based energy 
management strategies. Apart from the vehicle velocity 
profile, several other factors can affect the power demand 
of a vehicle. Therefore, a control strategy based only on 
the drive cycle cannot provide a correct solution and 
might even deteriorate the performance of vehicle. 
Consequently, it is necessary to predict power cycle 
which is vehicle required power consisting both traction 
and accessories power demand in a specific journey [18]. 
The target market of PHEVs is daily commuters with 
short to medium range of driving. Since the majority of 
drivers use their vehicles on the same routes in a regular 
basis, each PHEV could save its own power cycle in both 
time and spatial domains, and use it for implementing its 
energy management. To develop a power cycle library, 
each vehicle would log its own real power demands for 
routine commutes such as home-work, home-shopping, 
etc. The CD strategy is defined based on the power cycle 
library instead of the predefined or anticipated drive 
cycle. Fig. 1 illustrates the required inputs for developing 
a power cycle library in a series PHEV architecture. 
As drive-by-wire control is completely dominant in 
PHEVs, logging the required electric power by motor, 
battery, generator, and electric powered accessories is 
applicable. To develop a specific power cycle library 
which is selected by the driver such as home-work, the 
data logger stores velocity, power to/from the electric 
motor, generator, batteries, and different accessories 
specially AC in both time and spatial domain utilizing a 
GPS. Ambient, cabin, battery, and engine coolant 
temperatures are logged as well for future processes 
considering noise factors affecting performance of 
vehicle. 
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Fig. 1. Required inputs for developing the power cycle library
PHEVs employ an in-built control strategy defined by 
OEM, normally an AER-CS similar to what has been 
designed for GM Volt. However, for the known power 
cycles, which would be defined later by the vehicle 
owner, a more sophisticated energy management strategy 
would be implemented. The power demand information 
can be repeatedly stored in low cost memory devices and 
updated whenever necessary to account for stochastic 
factors over time. 
The logged power cycle based on the real commute 
history can be used to reasonably predict many stochastic 
factors.
However, good understanding of the noise factors is 
essential to predict a realistic power cycle based on the 
vehicle power cycle library and update it on-line even 
during the journey. 
Fig. 2 reviews the loads and parameters that affect the 
longitudinal dynamics of vehicle and its power demand.  
Fig. 2. Parameters involved in longitudinal dynamics 
and accessories loads of a vehicle 
The dynamic equation of the vehicle along 
longitudinal direction is as follows: 
ܨ௧ ൌ ܯ
ܸ݀
݀ݐ ൅ ܨ௥ ൅ ܨௗ ൅ ܨ௚ (1)
where ܨ௧ is tractive effort, ܯis mass of vehicle, ܸ݀ ݀ݐΤ
is linear acceleration of vehicle along longitudinal 
direction, ܨ௥ǡ ܨௗǡ ܨ௚are rolling, drag, and grading 
resistances, respectively. The required traction power, ௧ܲ,
is derived from Equation (1) as follows: 
௧ܲ ൌ ܨ௧ܸ ൌ ൬ܯ
ܸ݀
݀ݐ ൅ ܨ௥ ൅ ܨௗ ൅ ܨ௚൰ܸ (2)
The noise factors which can potentially change the 
power demand, the parameters which alter the 
performance of a PHEV, and the way power cycle library 
could help in prediction of the noise factors are explained 
in the following.
II.1. Effect of Traffic Diversity and Aggressiveness 
Factor on Velocity 
According to Equation (2), vehicle velocity is the most 
important factor for prediction of different traction power 
components. One of the major advantages of power cycle 
library over the drive cycle prediction methods is that the 
prediction of velocity is more accurate considering driver 
behavior and various road traffic conditions in a specific 
journey. In particular, for journeys such as home-work 
which mostly occurs during rush hours, the drive cycle 
modeling based on maximum speed limits would be far 
from reality [17], [19]. The chance of stopping when 
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vehicle reaches traffic lights also alters the power cycle 
during deceleration and acceleration or by the accessories 
power demand during stop time. The power cycle library 
inherently considers the aggressiveness factor of different 
drivers which affect the power demand during 
accelerating or braking. In identical journeys with 
different drivers, the amount of required power from 
powertrain is different. This means that the power cycle 
library could save driver’s name and define an 
aggressiveness factor for each driver. The term 
ܯܸሺܸ݀ ݀ݐΤ ሻ in Equation (2) is the power required for 
acceleration or braking. 
II.2. Road Grade 
The road grade has significant effects on the power 
demand. In reciprocal journeys, any downhill part would 
be uphill in return. This fact shows the significance of 
road grade in mountainous areas where correctly 
allocating electric energy for downhill or uphill part of 
the journey would improve the efficiency and battery 
health. By means of using GPS which provides elevation 
information, it is possible to predict road grade power for 
a journey in advance.
II.3. Wind
The crosswind speed against the vehicle movement 
alters the power demand of a vehicle especially in high 
speed driving in highways; hence, the drag force varies 
as the square of velocity. For instance, the drag force at 
100 km/hr is around 30% higher with 20 km/hr 
crosswind. Equation (3) represents the drag force which 
is a function of both vehicle and wind speeds,ܸǡ ௪ܸ,
vehicle frontal area, ܣ௙, drag coefficient, ܥ஽, and air 
density, ߩ:
ܨௗ ൌ
ͳ
ʹߩܣ௙ܥ஽ሺܸ ൅ ௪ܸሻ
ଶ (3)
Based on the daily wind speed and direction forecasts 
and the journey speed and direction saved in the power 
cycle library, Equation (3) can predict the effect of daily 
wind velocity on vehicle power demand. 
II.4. Temperature 
a. Change in Aerodynamic Force 
Even change in air density can cause discrepancy for 
the power demand prediction as air density changes 
around 25% between temperaturesെʹͷԨ and͵ͷԨ.
This change is proportional to the same drag force 
change according to Equation (3). 
b. Engine and Catalyst Converter Operation 
Temperature 
It is well known that cold engine operation increases 
fuel consumption and pollution of the vehicle [20], [21]. 
For instance, the hydrocarbon and carbon monoxide 
emissions could be increased by 650% and 800% at 
െʹͲԨ, compared to standard certification values 
atʹͷԨ, respectively. The low ambient temperature 
raises lubricating oil viscosity and thus results in higher 
mechanical losses for engine’s cold start. In addition, 
combustion would be affected due to lower ignitability of 
fuel mixture. The low ambient temperature can also 
delay the three-way catalyst (TWC) activation, which is 
one of the most important reasons accounted for high 
emissions at cold start. To fully appropriate function of 
TWC, its temperature needs to get aroundͶͲͲԨ. The 
research on EURO4 emission compliant vehicle shows 
that for similar and even more aggressive than ECE 15 
urban driving cycle, the lubricating oil temperature 
reached form ambient temperature of ͹̱ͳ͵Ԩ to the full 
warmed up value ̱ͺͲԨ in about 15 minutes, and it 
takes 100 seconds for upstream and 200 seconds for 
downstream of TWC to reach ͶͲͲԨ [21]. The issue of 
cold start and warm-up period is even more significant 
for HEVs and PHEVs since engine on/off shifting occurs 
more frequently. 
Cold-to-hot engine fuel and emissions penalties for SI 
engines based on vehicle performance over cycles (e.g. 
FTP) have been investigated by J. Dill Murrell and 
Associates [22]. The correction factor have been 
incorporated based on normalised engine temperature 
factor, ɀ, which is related to the engine cooling system 
thermostat set point, 	୲ୱ୲ୟ୲, and the coolant temperature, 
ୡ୭୭୪ୟ୬୲:
ߛ ൌ ܨܿ௧௦௧௔௧ െ ௖ܶ௢௢௟௔௡௧ܨܿ௧௦௧௔௧ െ ʹͲ (4)
where temperature is in centigrade degrees. The fuel and 
emissions are then computed as follows based on, Ȗ, and 
engine performance in hot operation: 
ܥ݋݈݀ ܷݏ݁ ൌ ܪ݋ݐ ܷݏ݁ כ ݂ܽܿݐ݋ݎ (5)
where: 
݂ܽܿݐ݋ݎ ൌ
ۖە
۔
ۖۓሺͳ ൅ ߛଷǤଵሻ݂ݑ݈݁
ሺͳ ൅ ͹ǤͶߛଷǤ଴଻ଶሻܪܥ
ሺͳ ൅ ͻǤͶߛଷǤଶଵሻܥܱ
ሺͳ ൅ ͲǤ͸ߛ଻Ǥଷሻܱܰݔ
c. Battery Temperature 
Battery thermal management is the current state of the 
art in battery designing. Temperature affects both 
performance and aging process of the battery. Batteries 
have minimum operational temperature since their 
performance is degraded significantly in low 
temperatures.   
A plugged in battery is kept warm enough so that it 
can be used immediately. However, if battery 
temperature goes below the minimum operational 
temperature, the engine should run until the battery 
warms up even for a high SOC. On the other hand, high 
temperature significantly accelerates aging and degrading 
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of battery, and battery cooling system causes parasitic 
loads. 
d. Air-conditioning  
Unlike conventional vehicles in which the compressor 
of the air conditioning system is connected mechanically 
to the engine, a separate electric motor propels the 
compressor in PHEVs and most of HEVs. The AC can be 
considered as the most significant auxiliary load in a 
vehicle. As an example, the power demand of the AC 
compressor is equivalent to the vehicle driving steadily at 
56 kph [23]. The fuel economy of a vehicle drops 
substantially when the AC compressor load is added. 
This effect is even larger in higher fuel economy 
vehicles. AER would be considerably reduced in PHEVs 
since the compressor is powered by the battery. A 3 kW 
accessory load will decrease AER on a repeated 
EPA Urban Dynamometer Driving Schedule (UDDS) by 
38% [24]. During hot soaking which means parking in 
the open on a sunny and warm day, the interior 
temperature could easily exceeds 70°C. Through the 
initial surge cooling interval, the compressor of compact 
and mid-sized car consumes around 2.9 kW and 3.4 kW 
respectively [25]. However, to avoid initial surge if the 
PHEV is connected to grid, it is possible to use external 
electricity to start the AC or heater system in appropriate 
time before the journey starts. This opportunity 
simultaneously provides comfort and saves valuable 
battery energy. 
The required power for cabin heater and safety related 
demister is another issue in PHEVs when there is no hot 
water available from engine coolant during the EV mode. 
It is necessary to devise a parallel electric heating system 
to warm up the cabin similar to electric vehicles. Using 
electric energy for heating is huge waste in comparison 
with engine coolant free energy. Heat pumps are not 
applicable for automotive heating application because of 
evaporator heat exchanger limitations. Thus, resistive 
electric heaters should be employed. 
With such a large AC and even more heater power 
demands, any CD strategy neglecting the effect of AC 
and heater would not be accurate. Ambient temperature, 
humidity, soaking time and direction of sun shine, the 
colour of vehicle, clouds, amount of fresh air required for 
ventilation, metabolic heat load and clothing of 
passengers, and even the driver perception about comfort 
temperature are the effective factors in AC and heater 
power demand. To predict the power demand of AC and 
heather, the lumped method for cabin mass,݉௖௔௕௜௡, and 
specific heat capacity, ܥ௖௔௕௜௡, is considered in energy 
balance Equations (6) and (8) for the cabin control 
volume. Positive direction of heat transfer is selected 
towards the cabin: 
݉௖௔௕௜௡ܥ௖௔௕௜௡
݀ ௖ܶ௔௕௜௡
݀ݐ ൌ
ൌ ሶܳ௠௘௧௔௕௢௟௜௖ ൅ ሶܳ௥௔ௗ௜௔௧௜௢௡
൅ ሶܳ௖௢௡௩௘௖௧௜௢௡ ൅ ሶܳ௩௘௡௧௜௟௔௧௜௢௡
൅ ሶܳௗ௘௛௨௠௜ௗ௜௙௜௖௔௧௜௢௡ െ ሶܳ௘௩௔௣௢௥௔௧௢௥
(6)
where: 
ሶܳ௠௘௧௔௕௢௟௜௖ ൌ ሶܳ௥௔ௗ௜௔௧௜௢௡ ൌ ܫሶSሶܳ ௖௢௡௩௘௖௧௜௢௡ ൌ ݄ܣሺ ௔ܶ௠௕௜௘௡௧ െ ௖ܶ௔௕௜௡ሻሶܳ ௩௘௡௧௜௟௔௧௜௢௡ ൌ ሶ݉ ௔௜௥ܥ௔௜௥ሺ ௔ܶ௠௕௜௘௡௧ െ ௖ܶ௔௕௜௡ሻሶܳௗ௘௛௨௠௜ௗ௜௙௜௖௔௧௜௢௡ ൌ ሶ݉ ௪௔௧௘௥ܥ௩ ൅ ሶ݉ ௪௔௧௘௥ܥ௪௔௧௘௥ሺ ௔ܶ௠௕௜௘௡௧
െ ௘ܶ௩௔௣௢௥௔௧௢௥ሻ
ሶܳ ௘௩௔௣௢௥௔௧௢௥ ൌ 
and: 
௖ܲ௢௠௣௥௘௦௦௢௥ ൌ ሶܳ ௘௩௔௣௢௥௧௢௥Ȁܥܱܲ (7)
where the passengers’ metabolic heat load, ሶܳ௠௘௧௔௕௢௟௜௖, is 
affected by the number of passengers. Solar radiation 
load, ሶܳ ௥௔ௗ௜௔௧௜௢௡, is correlated with sun radiation heat 
flux,ܫሶ, and incidence surface, S. For convectional heat 
transfer, ሶܳ ௖௢௡௩௘௖௧௜௢௡, heat transfer coefficient, h,
behaviour is very complex and varying regarding vehicle 
and wind  speed. A is effective area of convection heat 
transfer. Fresh air mass flow rate, ሶ݉ ௔௜௥, causes 
ventilation heat load, ሶܳ ௩௘௡௧௜௟௔௧௜௢௡, which is related to the 
air specific heat capacity, ܥ௔௜௥, consisting both air and its 
water content [26]. If dehumidification is necessary, the 
dehumidification load, ሶܳ ௗ௘௛௨௠௜ௗ௜௙௜௖௔௧௜௢௡, is related to 
condensed water mass rate, ሶ ୵ୟ୲ୣ୰ , water latent heat 
vaporization, ܥ௩, and water specific heat capacity,
ܥ௪௔௧௘௥. COP is coefficient of performance of AC. 
Equation (6) can be simplified as follows when a 
warming function is required: 
݉௖௔௕௜௡ܥ௖௔௕௜௡
݀ ௖ܶ௔௕௜௡
݀ݐ ൌ
ൌ ሶܳ௠௘௧௔௕௢௟௜௖ ൅ ሶܳ௥௔ௗ௜௔௧௜௢௡
െ ሶܳ௖௢௡௩௘௖௧௜௢௡െ ሶܳ௩௘௡௧௜௟௔௧௜௢௡
൅ ሶܳ௛௘௔௧௘௥
(8)
Prediction of all the parameters that can affect the AC 
power demand in a drive cycle is complex, particularly 
where passenger perception plays an important role. The 
idea of power cycle library could capture the general 
trend of the AC or heater operation requirements of a 
specific driver in a specific commute. Having access to a 
library of AC power demand for a routine commute, the 
AC power demand would be easier to derive based on 
lookup tables and simpler but more accurate equations.  
For a routine commute, we can assume that in 
Equations (6) and (8), ሶܳ௠௘௧௔௕௢௟௜௖  ሶ݉ ௔௜௥remain 
unchanged, and although S, A, h change but in a 
repeatable manner in a specific journey. For a desired 
cabin temperature, to predict every day AC power 
demand, the only remaining variables are ambient 
temperature, humidity, and sun radiation heat flux for the 
specific day. With a developed library of AC or heater 
power demand by means of interpolation methods, the 
required power demand of AC or heater are predictable. 
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II.5. Battery Aging 
State of health of the battery determines the amount of 
on-board available electric energy that PHEV could 
allocate for a specific power cycle. The PHEV battery 
duty cycle is one of the most aggressive one that battery 
may encounter [27]. The battery life is dependent upon 
both storage and cycling. Capacity degradation and 
resistance growth have been shown to be dependent on a 
number of operational parameters. The following 
equation shows how resistance is correlated with cycling 
and storage time [28]: 
ܴ ൌ ܽଵݐଵ ଶΤ ൅ ܽଶǡ௧ݐ ൅ ܽଶǡ஼௬௖ܥݕܿ (9)
where t is storage time and ܥݕܿ is number of cycles. 
Coefficientsܽଵሺοܱܵܥǡ ௕ܶǡ ݒሻ and ܽଶሺοܱܵܥǡ ௕ܶǡ ݒሻ are a 
function of the given state of charge swing,οܱܵܥ,
battery cell temperature, ௕ܶ, and voltage exposure, ݒ.
Two mechanisms have been described for the capacity 
fade. Lithium loss is dominant mechanism during storage 
and isolation of active sites, while the mechanical 
fracture are dominant during cycling [28]. Lithium,ܥ௅௜,
and active sites capacities, ܥ௦௜௧௘௦, are defined by the 
following equations, and the minimum of them would be 
the actual capacity,ܥ௔௖௧௨௔௟.݀଴ǡ ݀ଵǡ ݁଴ǡ ݁ଵ are constant 
values derived from experiments: 
ܥ௅௜ ൌ ݀଴ ൅ ݀ଵܽଵݐଵȀଶ (10)
ܥ௦௜௧௘௦ ൌ ݁଴ ൅ ݁ଵሺܽଶǡ௧ݐ ൅ ܽଶǡ஼௬௖ܥݕܿሻ (11)
ܥ௔௖௧௨௔௟ ൌ ሺܥ௅௜ǡ ܥ௦௜௧௘௦ሻ (12)
Increased impedance growth and capacity fade due to 
elevated voltage and temperature are proven. For 
instance, a battery stored in 35°C would have around 6% 
higher Lithium capacity loss in comparison to the same 
battery stored at 20°C after 5 years [28]. Since a PHEV 
may be used under different geographical locations with 
various climates, and also depending on the 
aggressiveness of driving pattern, state of health of each 
battery would be different during the effective life of a 
PHEV. An electric vehicle (EV) mode followed by CS 
energy management strategy would not be affected by 
this noise factor. However, in a CD strategy, real 
available battery energy is one of the initial input data in 
energy management controller. The power cycle library 
could save available energy of battery each time it is 
used, and consider it as an input for the development of 
next time energy management strategy. As a result, the 
slow dynamics of battery aging is intrinsically 
considered. 
III. Energy Management 
To demonstrate the benefits of the proposed power 
cycle library concept in the energy management strategy, 
a model of a series PHEV similar to GM Volt is 
simulated in ADVISOR. Different components are 
selected and sized to be similar to the Volt components. 
The main feature is the capability of 64 km AER on 
repeated UDDS, thus, a 170 kg, 16 kWh Lithium battery 
is selected which can deliver around 8 kWh to powertrain 
when depletes from 85% to 30% SOC. A 124 kW 
electric motor is selected for propulsion which is close to 
the 111 kW motor of the Volt. A small 41 kW engine 
connected to a 59 kW generator are selected accordingly. 
Single speed transmission without clutch or torque 
converter is modelled. The total mass of the vehicle is 
around 1650 kg.  
To compare an AER-CS energy management with the 
suggested CD strategy, a typical work-home commute 
which is longer than AER is simulated. This journey 
starts with a UDDS then continues with a HWFET and 
ends with another UDDS. The return journey is the 
mirror of the drive cycle. This drive cycle is based on the 
idea that driver starts the car in a suburban area and after 
driving on a highway arrives to a downtown urban area 
where destination elevation is around 400 meters higher 
than the start point. 
Then, the vehicle returns back to complete the 80 km 
journey. Fig. 3(a) shows speed and elevation of the 
vehicle in the defined cycle. The power cycle consists of 
both traction and accessories such as air conditioner 
power demand. 
III.1. AER-CS Energy Management 
In the EV mode, the controller utilizes the battery 
energy up to minimum applicable battery SOC and 
during CS operation, a well-known rule based power 
follower strategy is defined to sustain the batteries SOC. 
In comparison to a thermostatic controller, the power 
follower has lower noise when the vehicle powertrain 
requires lower power which is an important issue in 
drivability of passenger cars. 
Besides, the power follower reduces power 
recirculation in the battery. The rules for the power 
follower strategy are listed below [29]: 
i. Engine may be turned off if ESS packs SOC is too 
high (32%). 
ii. Engine may be turned on again if the power 
required by the vehicle gets high enough. 
iii. Engine may be turned on again if SOC goes too 
low (28%). 
iv. When engine is on, its power output tends to follow 
the power required by the vehicle, accounting for 
losses in the generator so that the generator power 
output matches the vehicle power requirement. As 
wheel and engine speeds are independent, engine 
torque and speed are selected based on the design 
curve or optimum operation curve.   
v. The engine output power may be adjusted by SOC, 
tending to bring SOC back to the centre of its 
operating range. 
vi. The engine output power may be kept above some 
minimum value (6  kW). 
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vii. The engine output power may be kept below some 
maximum value (which is enforced unless SOC 
gets too low) (26 kW). 
viii. The engine output power may be allowed to change 
no faster than a prescribed rate (+2 and -3 kW/s) 
and if it turns on it is kept on for at least a 
prescribed time (60 s).  
During engine-on, the battery only provides the power 
shortage required by the vehicle when engine inertia or 
power follower rate limiter rules cause a difference 
between the powertrain required power and the engine 
available power. Also, when very high power demand 
(more than 26 kW) is required, the battery tops up the 
required power. 
Figs. 3. (a) Defined mirrored drive cycle and elevation. (b) Power and equivalent efficiency cycle and efficiency line in CD1. (c) Engine coolant 
temperature and fuel factor for CD2. (d) Power and equivalent efficiency cycle modified by fuel factor and efficiency line in CD2. (e) Power and 
equivalent efficiency cycle and efficiency line in CD3. (f) Coolant temperature  in three steps of development of CD strategy 
III.2. CD Energy Management 
The difference between the total energy demand in the 
power cycle and the available battery energy is equal to 
the required energy from the engine/generator. The series 
drivetrain has the advantage of blending both battery and 
engine power independent of powertrain required load 
and vehicle speed. It is possible to use the engine as a 
power source anywhere in a journey to provide its share 
in total energy demand of a power cycle. Fuel 
consumption in the series PHEV architecture with an 
AER-CS strategy is only related to the engine/generator 
performance at the end of power cycle during CS mode. 
However, with the knowledge of power cycle, it is 
possible to find more efficient positions for engine-on 
mode. In the following, a three step procedure to define a 
CD energy management strategy is described. This 
approach considers the engine temperature as one of the 
most important noise factors on engine performance. To 
have a fair comparison between the AER-CS and the 
proposed CD energy management, the power follower 
power management and regenerative braking strategies 
are kept unchanged. 
Step 1: Hot Engine Efficiency Cycle, CD1 Strategy 
With the knowledge of power cycle, efficiency cycle 
can be derived assuming that the engine is on, hot, and 
controlled by the power follower strategy rules over the 
power cycle. Since frequent engine on/off is not pleasant, 
the smoothed power cycle with averaging span of 60 
seconds similar to the minimum engine-on time in power 
follower strategy is used for developing efficiency cycle. 
For powers higher than maximum efficiency point, here 
15.3 kW, the efficiency cycle is manipulated to show 
maximum efficiency. A known efficiency cycle is 
explored for steadier, longer, and higher efficiency 
during the journey to acquire the engine energy on those 
sections. Codes have been developed to find a horizontal 
efficiency line (see Fig. 3(b)). The position of the 
efficiency line over the efficiency cycle is defined such 
that the amount of energy delivered by the engine in the 
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shaded portion of the equivalent power cycle in Fig. 3(b) 
becomes equal to the required engine energy to complete 
the journey with minimum applicable battery SOC. 
Again, a minimum 60 seconds engine-on mode is 
considered in this procedure. Generally, high efficiency 
sections coincide with high power demand in power 
cycle and accordingly from engine. Although power 
higher than maximum efficiency point of engine reduces 
engine’s efficiency, it is worthy to select these sections 
for engine-on mode to reduce the load over the battery. 
The shift of engine operation from the end of journey in 
the CS mode to the high power demand sections reduces 
the battery C-rate which is beneficial for its health. 
Step 2: Engine Warmth Conservation, CD2 Strategy 
Since the efficiency cycle in Step 1 is formulated 
based on the hot engine efficiency map, it does not 
consider the effect of temperature on the engine 
performance. Cold engine operation during the shifting 
between the EV and the engine-on modes is a point of 
concern. Particularly, for the commutes where long 
engine cooling is inevitable where the vehicle is parked. 
Engine thermal model is a prerequisite to determine the 
effect of the cold engine operation. Thermal model of the 
engine in ADVISOR breaks the engine assembly into the 
four temperatures: the cylinder, the engine block, the 
exterior engine accessories, and the hood of the vehicle.  
Heat which is generated by combustion and considering 
the part removed by exhaust, conducted to the engine 
block, and removed through forced liquid cooling, 
conduction, natural convection, and radiation. Fig. 4 
shows the schematic of the ADVISOR model for engine 
temperature. To develop a standalone CD energy 
management strategy, codes for the engine thermal 
model have been developed which can predict the 
coolant temperature in a power cycle with the similar 
approach used in ADVISOR.  
The first question that needs to be answered when 
considering the effect of engine temperature on the 
performance is investigating whether it is more efficient 
to select the engine-on sections only based on the hot 
engine efficiency cycle or to choose these sections more 
concentrated to keep the engine warmth. To answer this 
question, the longest engine-on sections selected in CD1 
are chosen in each side of the go and return journeys. The 
nearby sections with less than 60 seconds engine-off 
interval are also added to the two longest sections. It is 
obvious that these longest sections would be selected as 
efficient sections even when an engine temperature noise 
factor comes to account. In other words, the engine-on 
sections would concentrate around the longest sections if 
it is more efficient to run the engine in lower efficient 
sections but in higher temperature. It is assumed that 
temperature is constant and equal to thermostat set 
temperature during the chosen sections. That is, the fuel 
factor for longest section of engine-on is one. Applying 
the engine temperature code, coolant temperature and 
consequently fuel factor would be calculated for both 
sides of the journey (see Fig. 3(c)). The engine 
temperature code should be run in both forward and 
backward directions to calculate the fuel factor in both 
sides of the longest engine-on sections. 
A new efficiency cycle is developed by dividing the 
hot efficiency cycle by the fuel factor derived for each 
point of the journey. The horizontal efficiency line 
approach described in CD1 is repeated on the newly 
developed efficiency cycle to find new engine-on 
sections. As shown in Fig. 3(d), there is no significant 
change in the engine-on sections for the first part of the 
journey but for the return journey, the engine-on sections 
are closer to one another. Step 2 has an important role 
when the ambient temperature is low, thus, the engine 
thermal model predicts higher fuel factor. The simulated 
journey is assumed to occur in 30˚C and 35˚C ambient 
temperature for go and return journey, respectively, 
simulating a summer day morning and afternoon 
commute. 
Fig. 4. Schematic of the engine thermal model 
Step 3: Engine Cold Start Investigation, CD3 Strategy 
Since CD1 and CD2 select engine-on sections in both 
go and return journeys, it is necessary to investigate the 
effect of the extra cold start engine operation. It may be 
more efficient to run the engine only in one side of the 
trip even in lower efficiencies and avoid the second 
engine cold start. First, the side with higher engine-on 
sections is selected which logically has a larger share in 
the engine energy demand. Similar to Step 1, the 
aforementioned finding efficiency line procedure is 
repeated to cover all the engine energy demand from 
only one side of the journey. The hot engine operation 
efficiency of the newly added sections which have darker 
colour in Fig. 3(e) is compared with the other side CD2 
engine efficiency considering the cold start operation fuel 
factor. It is assumed that the efficiency of the newly 
added sections is equal to that of the hot engine because 
at least one cold start is inevitable. The engine thermal 
model code is again used to derive the fuel factor for the 
second part of journey with extra cold start operation. If 
the hot efficiency of newly added sections is higher than 
the cold start engine operation of the other side, the 
engine on-sections in CD3 will be set in the energy 
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management strategy otherwise the CD2 sections remain 
unchanged. 
In the simulated power cycle, CD3 is more efficient. 
The coolant temperatures of the engine in all three steps 
are depicted in Fig. 3(f). 
III.3. Cold Weather CD Energy Management 
The power demand of the cabin heater in cold weather 
during AER is a significant electric load, particularly 
when there is no hot water available from the coolant. 
For a similar difference between comfort and ambient 
temperatures, the heater power demand is even higher 
than AC because the electric AC power demand in 
compressor is divided by COP of AC refrigeration cycle. 
In the AER-CS energy management strategy, the hot 
water is only available during CS mode. However, with 
the knowledge of power cycle and prediction of the 
heater power demand, it is possible to define an 
appropriate CD strategy which keeps the engine hot for 
much longer sections or even the whole journey. That is, 
it might be globally more efficient to run the engine more 
frequently in lower power and consequently in lower 
efficiencies but use its coolant as the energy source for 
the cabin heater. 
As an illustration, for the lowest power, 6 kW, defined 
by power follower controller, the engine efficiency is 
0.27. If the typical 2.5 kW required heater power is 
provided by coolant instead of battery, the engine 
efficiency is increased up to 0.38 which is even higher 
than the maximum efficiency of the engine. With the 
knowledge of the power cycle, the engine required 
energy, and heater power demand during a specific cycle, 
it is possible to find an appropriate amount of power 
demand from engine and select the engine-on positions to 
reach maximum efficiency.
IV. Results
Table I compares the vehicle performance in three 
steps of the sugessted CD strategies against that of the 
AER-CS energy management strategy. The table shows 
that the fuel consumption is reduced by around 4.7% in 
the specific defined power cycle which is 4% lower than 
that of the authors previous published work in which the 
effect of the engine temperature noise factor and cool 
down period in the middle of the journey was not 
sonsidered [18]. The engine operation points and SOC 
history in the AER-CS mode and the CD3 are shown in 
Figs. 5, 6. It is clear that in the CD energy management, 
the engine operates more efficiently in higher loads 
without any manipulation in power management rules. 
The variations of engine performance in CD1, CD2, and 
CD3 show the significance of the engine tmperature 
noise factor. This effect could be even more significant 
when the ambient temperature is low. The other major 
benefit of the proposed CD approach is the 9.6% and 
126% reduction in the amount of energy that flows from 
and to the battery respectively. Reduction in power 
recirculation eliminates battery charging/discharging 
losses and slows down the aging of the battery which is 
the most precious part of the PHEVs. The power 
recirculation occures in low drivetrain power demand 
when the surplus of the minimum engine power (here 6 
kW) stores in the battery. The battery current and 
accordingly its temperature are declined when the engine 
propels the vehicle in the most vigorous part of a power 
cycle. It has been proven that the temperature is one of 
the major parameters which deteriorates the battery’s 
state of health. The battery temperature and the average 
current in both AER-CS and CD3 modes are compared in 
Fig. 6. When performance of battery in AER-CS and 
CD3 is compared, it can be observed that the waste of 
energy in the battery is reduced by 43%. This reduction 
is caused by the decrease in the battery temperature and 
eliminiation of the power recycling in the CS mode in 
shallow SOC. Both shallow SOC and high temperature 
increase the internal resistance of battery. The 
economical impact of the suggested CD strategy could be 
even more significant on the state of health of battery 
when compared to the amount of saved fuel. 
TABLE I
PERFORMANCE COMPARISON OF AER/CS AND CD STRATEGIES
Parameter AER-CS CD1 CD2 CD3 Compare AER-CS with CD3 [%] 
 Go Return Sum Go Return Sum Go Return Sum Go Return Sum  Modified by SOC 
Fuel consumption [Lit] 0 2.043 2.043 1.690 0.332 2.022 1.676 0.345 2.020 1.957 0.000 1.957 -4.39% 1.951 -4.70% 
Engine Energy in [kJ] 0 65173 65173 53914 10584 64498 53465 10991 64456 62430 0 62430 -4.39% N.A.  
Engine Energy out [kJ] 0 19763 19763 17098 3194 20292 16962 3344 20306 19773 0 19773 0.05% 19715 -0.25% 
Engine Efficiency [%] N.A. 30.32 30.32 31.71 30.18 31.47 31.73 30.42 31.51 31.67 N.A. 31.67 4.26% N.A.  
Battery Energy in [kJ] 1135 6211 7346 1826 1232 3058 1761 1213 2974 2185 1068 3253 -126% N.A.  
Battery Energy out [kJ] 35987 10826 46813 20438 21580 42018 20503 21419 41922 18256 24449 42705 -9.62% N.A.  
Battery Loss [kJ] 394 195 589 178 218 396 178 214 392 161 253 414 -42.3%   
Final SOC (Initial 0.85) 0.3651 0.3041 0.3041 0.5938 0.3099 0.3099 0.592 0.3112 0.3112 0.6297 0.3049 0.3049 0.27% 0% = 58.3kJ 
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                                                                 (a)                                                                                                              (b) 
Figs. 5. (a) Engine operation points in the efficiency map. (a) AER/CS strategy. (b) CD3 strategy 
Fig. 6. Battery SOC history, current, and temperature in both AER-CS and CD strategies 
V. Conclusion
Charge depletion (CD) energy management strategies 
are more efficient choices for energy management of 
plug-in hybrid electric vehicles (PHEVs). The efficient 
allocation of available battery energy for a journey in a 
CD strategy requires the knowledge of drive cycle as a 
priori. Specially, drive cycle modeling is a perquisite for 
trajectory based energy management approaches. 
However, other than the speed-time profile, i.e. drive 
cycle, there are many noise factors which affect both 
drivetrain power demand and the vehicle performance. 
The powertrain required power could be affected by 
driver driving behaviour, traffic, road grade and 
environmental conditions. Besides, when shifting 
between engine-on and off modes is frequent in a 
PHEV’s CD strategy, the effect of the engine cold start 
and warm up on the performance of the engine should be 
investigated. The nature of noise factors asserts that 
power cycle prediction and the significance of the noise 
factors on performance of the vehicle should be 
investigated individually for each PHEV. The power 
cycle library concept introduced in this paper helps 
achieve an accurate power cycle prediction for repetitive 
commutes of PHEVs owners. A thermal model of the 
engine is employed to predict engine coolant temperature 
and, accordingly, a defined fuel consumption increase 
factor. Based on the power cycle, an efficiency cycle is 
developed in which the calculated fuel factor caused by 
the cold engine operation is considered. To define a CD 
energy management strategy, the efficiency cycle is 
investigated in a three step procedure to find the best 
sections to provide the required engine energy. The 
simulation results for the modelled series PHEV, which 
has similar specifications to GM Volt, show that the 
suggested CD energy management strategy improves 
both vehicle fuel economy and indirectly battery health 
by elimination of significant power recirculation, 
reducing battery load and accordingly its temperature. 
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